Novel metallic behavior in two dimensions 
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Experiments on a sufficiently disordered two-dimensional (2D) electron system in silicon re- 
veal a new and unexpected kind of metallic behavior, where the conductivity decreases as 
ains,T) = a{ns,T = 0) + A{ns)T' (n, - carrier density) to a non-zero value as temperature 
T — » 0. In 2D, the existence of a metal with da/dT > is very surprising. In addition, a novel type 
of a metal-insulator transition obtains, which is unlike any known quantum phase transition in 2D. 
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PACS Nos. 71.30.+h, 71.27.-fa, 73.4Q.Qv 

The transport behavior indicative of the existence of 
a metallic state at zero temperature in two dimensions 
(2D) has been observed in a variety of 2D electron 
and hole Q systems. However, there is still no generally 
accepted microscopic description of the apparent metal- 
lic phase and the metal-insulator transition (MIT) in 2D. 
Until now, the metallic phase has been characterized by 
an increase of conductivity a as temperature T —> 0. 
In the presence of a particular type of disorder, such 
a metallic phase is suppressed Here we show that 
this gives rise to a new and unexpected kind of metal- 
lic behavior, where a decreases but does not go to zero 
(as expected for an insulator) when T ^ 0. While un- 
ambiguously established by our data, this behavior is in 
a striking contradiction with any theoretical description 
available to date. In addition, we report the discovery of 
a novel type of a MIT, which occurs between this metal 
and an insulating state as the carrier density rig is re- 
duced. While the transition is analogous to that observed 
in some three-dimensional (3D) systems, it is unlike any 
known quantum phase transition in 2D. We point out 
that our samples are representative of a broad class of Si 
metal-oxide-semiconductor field-effect transistors (MOS- 
FETs) historically known as "nonideal" samples |6|. 

In Si MOSFETs, the 2D electron system is formed by 
confining the electrons to the Si side of the Si-Si02 in- 
terface. At low T, electrons are quantized in the lowest 
energy level (subband) for motion perpendicular to the 
interface, and are thus forced to move in a plane par- 
allel to it. ris is varied by applying voltage Vg to the 
metallic gate. As a result of disorder (potential scatter- 
ing by the charges in the oxide and by the roughness of 
the interface), the 2D density of states of each subband 
acquires a tail of strongly localized states. In sufficiently 
disordered samples, such as ours, the band tails may be 
so long that some of the localized states in the tail of 
the upper subband may be populated even at low 
Us, and act as additional scattering centers for 2D elec- 
trons 1^. In particular, since at least some of them must 
be singly populated due to a large on-site Coulomb re- 
pulsion (tens of nieV) , it is plausible that they may act as 



local magnetic moments. We have shown earlier that 
an arbitrarily small amount of such scattering suppresses 
the da/dT < behavior in the T ^ Hmit. We note 
that, strictly speaking, since the carriers in the ground 
subband can exchange with the carriers in the tail of the 
upper subband, there is some hybridization between the 
two but the important question is the time scale for the 
various different mechanisms {e. g. for the exchange and 
for the mean free time for transport). We also point out 
that some evidence for qualitatively the same behavior of 
(t(T) was found |^ even in the case when only the ground 
subband was occupied but the potential scattering was 
increased considerably by applying large negative voltage 
{Vsub) to the Si substrate. The results were interpreted as 
being due to the formation of disorder-induced local mo- 
ments (singly occupied localized states) associated with 
the ground subband. We realize, however, that the de- 
tailed microscopic picture is probably more complex, as 
discussed below. 

By varying Vsub, the splitting of the subbands and 
hence the population of the tail of the upper subband are 
changed. In the presence of occupied "upper tail" states, 
in the metallic phase da/dT changes sign from positive 
to negative at T = Tm(ns,Vsub) as T increases For 
T > Tjn, we observe the "conventional" 2D metallic 
behavior with da/dT < and other features (e. g. scal- 
ing) that reflect the "conventional" Q MIT. The focus 
of this study, however, is the low-T {T < T,„) regime. 
We concentrate on the data obtained with Vsub = +1 V, 
because the reduced subband splitting leads to a large 
number of occupied "upper tail" states and Tm > 4.5 K, 
and hence to the observation of the novel behavior of 
a up to relatively high T (~ 2 K). The same qualita- 
tive behavior is also observed when the number of oc- 
cupied "upper tail" states is smaller (e. g. for negative 
Vsub), the only difference being that the low-T (T < Tm) 
regime becomes smaller js). For Vsub = +1 V, the num- 
ber of populated states in the tail of the upper subband is 
roughly constant for all Us that are of interest here (n^^ 
nrnax 5 X lO^^m^^, whcrc Umax is thc density where 
mobility reaches its maximum) B. 
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FIG. 1. a(T) plotted t)s. for diflterent n^. The 

dashed hnes are fits. (a) Sample 12: Us varies from 
3.0 X lO^'^m"^ (top) down to 0.7 x lO^^m"^ (bottom) in steps 
of 0.1 X lO^'^m-^ and 0.3 < T < 2.2 K. (b) Sample 11: top to 

to 



bottom, 



= 3.8,3.7,3.6 X lO'-'m-^ and 3.5 x lO^^m- 
in steps of 0.2 x lO^^m"^; 0.045 < T < 0.5 K. 



Our samples are standard two-terminal Si MOS- 
FETs of Corbino (circular) geometry (channel length 
= 0.4 mm, mean circumference = 8 mm), and a peak 
mobility ~ 1 m^/Vs at 4.2 K. Other sample details have 
been given elsewhere Conductance was measured 

as a function of Vg using a low-noise current preampli- 
fier and a low-noise analog lock-in at ~ 13 Hz (the lead 
resistance was subtracted by the usual method) . The ex- 
citation voltage Vexc was kept constant and low enough 
to avoid electron heating ||ll[ . Most of the measurements 
were carried out in a He^ cryostat (base T = 0.247 K). 
Figure 0(a) shows cr(T) for different values of Ug. An 
excellent fit (dashed lines) to the data is obtained with 



a(n„ T) = a{n,,T = 0) + A{n,) 



(1) 



over a wide range of as shown, where a measured at 
the lowest T (0.3 K) varies over three orders of magnitude 
below e'^/h [e^ /h ~ quantum unit of conductance). For 
each ris, the best exponent in the power law dependence 
of (T on T [Eq. (j^)] lies within 10% of 2. Several samples 
have been studied and they all exhibit qualitatively the 
same behavior. Fig. |l](b) shows the data obtained on 
another sample (# 11) at T down to 0.045 K. Obviously, 
Eq. (|^) describes the data well even at this, an order of 
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FIG. 2. The same data as in Fig. 1(a) plotted vs. InT. The 
dashed lines guide the eye. Inset: Current I (for sample 17) 
vs. for n^lO^'^m-^) = 3.0, 2.5, 2.0, 1.5, 1.25, 1.0 (top to 

bottom). The dashed lines are fits with the slopes equal to 1. 

magnitude lower T [|2| . At such low T, it is not possible 
to study the behavior very close to the MIT because of 
the small signal-to-noise ratio. The observed (t{T) spans, 
therefore, two decades in T, starting from T ~ 2 K, and 
clearly cannot be explained by heating effects. 

In order to compare our data to the predictions of the 
theory of weak localization , we plot the data from 
Fig. [^(a) vs. InT. Fig. ^ shows that a cannot be de- 
scribed by InT in any range of T and, in fact, the cur- 
vature of the observed ^{T) is the opposite from the one 
expected for an insulating state. We note that the con- 
duction at 0.25 K was ohmic ||l^ for Vg^c of up to at least 
100 (Fig. I inset) but 10 /iV was typically used 

at T > 0.25 K. 

The high quality of the fits [Eq. (|l])] allows a reliable ex- 
trapolation of a (rig, T = 0), whose finite (z. e. non-zero) 
values mean that, in spite of the decrease of a{ns,T) 
with decreasing T, the 2D system is in the metallic state. 
a{ns, r = 0) is shown in Fig. || for two different samples 
as a function of (5„ = (n^ — nc)/nc, the distance from the 
MIT {fic - critical density). For sample 12, for example, 
the Fermi energy Ep fa 4 K at the MIT, and « 22 
(r^ is the average inter-electron separation in units of 
the effective Bohr radius). We find the power-law be- 
havior a{ns,T = 0) ~ 5^ (/i = 2.99 ± 0.01 for sample 
12), as expected in the vicinity of a quantum critical 
point such as the MIT. The power law holds over a 
very wide range of Sn (up to 5) similar to what has been 
observed |l^ in Si:P near the MIT. In addition, even 
though the MIT occurs at different Uc in different sam- 
ples, the critical exponents /i are the same in both sam- 
ples (Fig. H), as expected from general arguments |p^ . 

In addition, very general considerations have sug- 
gested |l^ that the conductivity near the MIT can be 
described by a scaling form 



a(n.,T) = ae(T)/(r/5r), 



(2) 
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FIG. 3. a{ns,T = 0) t;s. the distance from the MIT for 
samples 9 (squares) and 12 (dots). The dashed lines are fits 
with the slopes equal to the critical exponent /x. 
n2 




FIG. 4. Scaling parameter To as a function of |5„| for sam- 
ple 12. Open symbols correspond to the insulating side of the 
transition, closed symbols to the metallic one. The dashed 
lines are fits with slopes 1.4 ± 0.1 and 1.32 ± 0.01, respec- 
tively. Inset, scaling of raw data (j/ctc ~ a /T^ in units of 
e^//iK^'^^. Different symbols correspond to different Us rang- 
ing from 0.3 x lO^^m"^ to 3.0 x lO^^m"^ It was possible to 
scale all the data below about 2 K. 

where z and v are the dynamical and correlation length 
exponents, respectively, and the critical conductivity 



(3) 



Indeed, we find such a power-law dependence, with x = 
2.55 ± 0.3 for sample 12, and x — 2.7 ± 0.5 for sample 9. 
We show in the inset of Fig. ^ that, for the given range of 
Us and T, all a{n,,T)/aciT) - a{n,,T)/T'= collapse onto 
a single scaling function /(T/Tq). To is displayed in Fig. ^ 
as a function of (5„ on both sides of the transition. Again, 
we find a power-law behavior, Tq ^ \dn\^'^ , in agreement 
with Eq. (||). For the metallic side of the transition, zv ^ 
1.32±0.01, and for the insulating side zi^ = 1.4±0.1. This 
value of zv is similar to zv = 0.8 — 1.7 obtained |p],p|,p|Jl8| 
in Si MOSFETs for the 2D MIT that occurs between an 
insulator and a metal with da/dT < 0. We also note that 



Eq. (P describes the data well only in the low-T metallic 
regime, i. e. for T < Tq(6„). In general, a different ct(T) 
is expected in the quantum critical regime [T > To((5„)], 
as given by Eq. (||) ||l^ , and this is exactly what we find. 
For example, for 0.3 < T < 2 K, all data for d„ < 0.25 in 
Fig. g(a) follow Eq. §) {i. e. a{ns,T) ^ T^). 

It is easy to show using standard scaling arguments |l^] 
that fi = x{zv), i. e. that fi can be determined not only 
from extrapolations of (j(T) to T = (see Eq. (|l|) and 
Fig. ||) but also based on all data taken at all T and val- 
ues of Us for which scaling holds. In this way, we obtain 
/i = x{zv) = 3.4 ±0.4 (for sample 12), in agreement with 
the method used above. We note that the uncertainty 
in fi obtained from dynamical scaling is comparable in 
size to those of various critical exponents in other sys- 
tems («5-30%) ll^. By contrast, /x found from zero- 
temperature extrapolation of a(T) is determined with a 
much higher accuracy, to within 0.3% (Fig. This is 
especially remarkable since a{ns,T ~ 0) (for sample 12) 
spans four orders of magnitude. 

Several striking features of our data stand out. 

(1) a-{T) follows a precise T^ form over a very broad 
T range. Such behavior is well established for metals 
containing local magnetic moments, and is believed to 
result from the Kondo effect |2^]. In fact, to the best of 
our knowledge, there is no other known mechanism that 
results in an increase of a as T^. In our case, this fea- 
ture provides the most direct evidence of the presence of 
local magnetic moments. It is worth noticing, however, 
that exchange with any kind of two-level systems is ca- 
pable of mimicking much of the Kondo effect |^l[]. Even 
though there may be some such shallow traps present at 
the Si-Si02 interface, it is difficult to rationalize the non- 
monotonic dependence on Vsut that we observe Q based 
on any interface trap model. If the two-level systems 
are indeed responsible for the observed (j{T), it is more 
likely that they are related to the occupied states in the 
tail of the upper subband |^. In general, one expects 
the T^ behavior for a quantum impurity embedded in a 
Fermi liquid in any dimension. On the other hand, it has 
been suggested |Q that the metallic state in 2D may not 
have a Fermi liquid character, but this interesting ques- 
tion requires further theoretical and experimental work. 
In particular, careful experiments in a parallel magnetic 
field should provide valuable insights into the microscopic 
nature of the conduction mechanism. 

We point out that the very existence of the MIT and 
the associated dependence of various quantities on 
near the critical region, reflect the importance of the lo- 
calization effects in addition to the interaction mecha- 
nisms such as the Kondo effect. From a practical point 
of view and regardless of the interpretation, such a sim- 
ple cr(T) [Eq. (^J is crucial for characterizing the low-T 
state of the system since it allows for an unambiguous 
extrapolation to T = 0. 

(2) Scattering of the 2D conduction electrons by elec- 
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trons populating the tail of the upper subband leads to 
a qualitative modification of the low-T transport, and to 
a novel metallic behavior characterized by da/dT > 0. 
Our data demonstrate clearly that, contrary to what is 
usually assumed, the mere decrease of a with decreasing 
T at a given Ug does not necessarily imply the existence of 
an insulating state at T ~ 0. Hence, for example, with- 
out a detailed study of a{T) and without any evidence 
for scaling, the observed ||2^] change from da/dT < to 
da/dT > at high Us does not represent an evidence for 
the second MIT as Ug is varied. 

(3) In the 2D metal studied here, a{ns,T = 0) de- 
creases continuously, and follows a distinct power- law be- 
havior as the MIT is approached. In particular, metallic 
a as small as 10~^e^/h has been observed, in a striking 
contrast to anything that has been reported in other 2D 
systems when da/dT < 0. A similar observation in 3D 
systems has demonstrated the absence of minimum 
metallic conductivity, and has had a profound impact on 
shaping the theoretical ideas about the MIT. 

(4) Our data show an excellent fit to the dynamical 
scaling described by Eq. ^ . It should be noted that such 
scaling behavior is not consistent with the simple single- 
parameter scaling hypothesis [Q. In particular, this for- 
mulation |2^ allows only for a "metallic-like" tempera- 
ture dependence [da/dT < 0) in the conducting phase, 
in contrast to what we find. In addition, the exponent x 
in Eq. (|^) is expected to take the value x — (D — 2)/z, 
and thus to vanish in 2D. On the other hand, it should 
be emphasized that x ^ does not contradict [ pTf any 
fundamental principle even for 2D systems. Indeed, such 
violations of "Wegner scaling" |l^] were predicted for cer- 
tain microscopic models in presence of "dangerously ir- 
relevant operators" [ p5| . Interestingly, recent work on the 
2D MIT for a da/dT < metal has found evidence [||j22| 
that the same scaling form can be used to resolve some 
apparent violations of the single-parameter scaling. In 
that case though, the exponent x takes a distinctly differ- 
ent value, presumably reflecting the different universality 
classes of the two situations. 

Our study shows that, in the presence of a particu- 
lar kind of disorder, a new type of metallic behavior and 
a MIT are exhibited in a 2D electron system. In con- 
trast to the 2D conducting phase and the MIT discovered 
by Kravchenko et al. [Q, the 2D metal studied here has 
da/dT > 0, and the scaling form that describes the con- 
ductivity near the MIT [Eq. (|)] includes a T- dependent 
prefactor ac{T), analogous to the MIT in 3D systems. 
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